Abstract -Commercial bumblebee colonies are important crop pollinators. Here we assess whether application of artificial foraging recruitment pheromone can increase foraging activity in Bombus terrestris colonies on a relevant timescale for commercial pollination. We measured bee traffic from the nest to a foraging arena, which is correlated with foraging activity under natural recruitment conditions. During continuous pheromone exposure bee traffic increased by 1.5 to 3.6 times, and this increase lasted up to 105 minute. Repeated 20 minute exposures of a colony to recruitment pheromone, with at least 30 minutes intermissions, triggered consistent traffic increases over a four week period. We conclude that artificial recruitment pheromone can reliably boost bee traffic leaving previously inactive colonies. This method could improve foraging activity and pollination in greenhouse colonies, especially young colonies reluctant to start foraging after introduction to the crop. 
INTRODUCTION
Bumblebees are important pollinators used extensively for pollination of greenhouse commercial crops such as tomato, sweet pepper and avocado (Dasgan et al., 2004; Roldan Serrano and Guerra Sanz, 2006; Ish-Am et al., 1998; Velthuis and van Doorn, 2006) . Commercial bumblebee nest-boxes contain an ad libitum artificial nectar reservoir to feed the colony during transport from bee breeder to crop grower. These nectar feeders remain inside the colony even after they have been placed in greenhouses because many crop plants, e.g. tomato, produce no nectar (McGregor, 1976) . The reservoir in the nestbox provides the colony with nectar, thus the number of full honeypots is always high. Over-feeding colonies with nectar in greenhouses could constitute a problem because it can decrease overall worker motivation to forage, as shown in laboratory conditions by Molet et al. (2008) . Indeed, in colonies with large nectar reserves stored in honeypots, successful foragers make fewer excited recruitment runs when they come back to the nest, and nonforaging workers are less responsive to nectar influx to the honeypots as a cue to initiate foraging .
Commercial bumblebee colonies are not provided with pollen in their nest-box so they have to forage for this essential resource from the crop plants. In contrast to honeybees, an individual bumblebee forager often collects both nectar and pollen during a single foraging trip; their propensity to focus on collecting one or the other resource is affected by supply and demand (Plowright et al., 1999) and also environmental conditions (Peat and Goulson, Pheromone promotes bumblebee activity 609 2005). Hence a reduction in motivation to forage for nectar is also likely to affect pollen foraging. Thus decreased motivation to exit the nest will probably lower rates of flower visitation, reducing pollination success and ultimately crop yield and quality. However bumblebee breeders or glasshouse crop growers cannot limit food supplies to colonies with a view to increasing their motivation to forage because the risks of colony mortality by starvation would be high since bumblebees only store a few days worth of food. Instead, growers buy larger numbers of colonies than might be needed if bees were fully motivated to forage.
The recruitment of non-foraging bumblebee workers by successful foragers returning to the nest with nectar relies on the release of a recruitment pheromone (Dornhaus et al., 2003) . The major components of this pheromone (eucalyptol, farnesol and ocimene) have been shown to produce short term increases in foraging activity when applied singly (Mena Granero et al., 2005) or in combination (Molet et al., 2008) . Although the effectiveness of this pheromone is reduced when colonies have large nectar reserves, applying the artificial pheromone (a combination of eucalyptol, farnesol and ocimene) to such well-fed colonies can increase the number of foragers by 60% and the number of foraging bouts by 40% during a 30 minutes period after pheromone application (Molet et al., 2008) . These results suggest that artificial recruitment pheromone could be applied to commercial colonies in greenhouses to trigger an increase in foraging activity.
Here we explored whether the artificial pheromone technique could be used to enhance colony foraging activity over long periods. We measured bee traffic from the nest to a foraging arena as a proxy measure of foraging activity because traffic and actual foraging activity are correlated (Kwon and Saeed, 2003; see discussion) . Therefore, we tested the efficiency of an artificial pheromone mixture at increasing bumblebee traffic over prolonged periods during which colonies received either extended continuous exposure or brief repeated exposures to the artificial pheromone.
MATERIALS AND METHODS

Bumblebees
Across the three experiments, we used a total of six queenright Bombus terrestris dalmatinus (Dalla Torre) colonies, supplied by Syngenta Bioline Bees (Weert, Netherlands). They were each housed in a bi-partite wooden nest-box connected to a foraging arena (see Molet et al., 2008) . Colonies were fed on ad libitum 50% sucrose solution (v/v) placed in a gravity feeder in the foraging arena, as well as defrosted honeybee-collected pollen (Koppert B.V., Berkel en Rodenrijs, Netherlands) added directly to the nest every other day.
Measurement of bee traffic during continuous pheromone exposure
In a first set of three colonies (colonies a-c), we recorded the movement of bumblebees from the nest to the foraging arena (traffic) using Ethom software (Shih and Mok, 2000) . Ten minutes before starting each trial (i.e. one control phase followed by one test phase), the feeder was removed from the foraging arena to avoid successful foragers releasing recruitment pheromone when returning to the nest. Traffic (i.e. the number of bees leaving the nest) was recorded during a 30 minute control phase before the artificial recruitment pheromone was applied: a vial containing a mixture of 400 μL eucalyptol + 400 μL farnesol + 400 μL ocimene per L acetone, the three major bioactive components identified by Mena Granero et al. (2005) , was suspended above the nest. The solvent alone (acetone) was not used during the control phase as earlier experiments by Mena Granero et al. (2005) indicate that acetone had no effect on traffic levels. The pheromone could evaporate via a cotton wick (DE Healthcare Products, Gillingham, UK). Each pheromone component was released into the nest at a similar rate to those reported by Mena Granero et al. (2005), i.e. 0.24 μL.h −1 . Traffic was recorded for 120 minutes (test phase) after pheromone application. In total, traffic was thus recorded for 150 minutes: 30 minutes control + 120 minutes test. The percentage of full honeypots in the nest was recorded as an index of colony nutritional status.
Data analysis
Traffic data were divided into consecutive five minutes intervals: accordingly each trial consisted The arrow indicates when the pheromone vial was introduced inside the nest. White columns represent periods with no pheromone whereas grey columns represent periods during which a pheromone vial was suspended above the nest. (b) Only trials in which the first 30 minutes of testing showed significantly higher levels of traffic (based on t-tests) than during the 30 minute control phase were used, and these two values were used to compute the magnitude of the pheromone effect (which ranged from 1.5 to 3.6). Moving t-tests comparing the six intervals in the control phase to six contiguous five-minute test intervals were performed to determine the duration of the pheromone effect, which was defined as the central value of the moving sections (thick lines in the diagram). The maximum pheromone effect duration was 105 minutes, and the minimum was 40 minutes.
of a control phase of six five-minutes intervals, followed by a test phase of 24 five-minute intervals. Because we wanted to assess the duration of the pheromone effect, we used only those trials in which the pheromone elicited an effect at the beginning of treatment. This was determined by comparing the traffic levels recorded during the six control intervals and the first six test intervals using a t-test ( Fig. 1; t and P values are not reported here because this procedure is a tool to select meaningful datai.e. if P > 0.05 there was no significant increase in bee traffic following pheromone application. Logically, the duration of pheromone effect could not be assessed for trials in which there was no significant pheromone effect). The duration of the pheromone effect was determined by performing successive t-tests between the six control intervals and a moving window of six contiguous test intervals (Fig. 1) . We considered the pheromone effect to have ceased when the t-test became non-significant. Finally, the magnitude of the effect was computed as the ratio of the mean traffic levels during the first six test intervals divided by the mean during the six control intervals (Fig. 1) . We also performed standardised major axis linear regressions (Fairbairn, 1997) between the three variables: duration of pheromone effect, magnitude of pheromone effect, and percentage of full honeypots (using (S)MATR 1.0 software developed specifically for this type of analysis (Warton and Weber, 2002) ). As this method takes into account the measurement error in both dependent and independent variables it is more suitable than type I regression (which assumes that the independent variable is controlled by the experimenter and is thus errorfree).
Measurement of bee traffic during brief exposures to pheromone
Traffic was recorded in a second set of three colonies (colonies d-f) using similar methods, as above (see Sect. 2.2.). Each trial started with a 20 minute control phase, followed by the application of artificial recruitment pheromone for 20 minute (time needed to reach maximal effect following continuous exposure to pheromone, see Results). The pheromone vial was then removed from the nest for either 30, 50 or 70 minutes, before being replaced back above the nest for another 20 minutes. Once again the solvent alone (acetone) was not used during the control phase and the 'gap' phase (between pheromone application phases) because it has no activity (Mena Granero et al., 2005) . Data were divided into five minute intervals. In order to test the effect of the second application, we used only those trials in which the pheromone elicited an effect during the first application, i.e. where the mean traffic during the first four test intervals was higher than during the previous four control intervals. Statistical tests were not performed due to low sample sizes; means were simply compared. We measured the magnitude of the pheromone effect during both first and second exposures as the ratio of the mean traffic levels during the four test intervals divided by the mean traffic during the four respective control intervals.
Effect of repeated exposures to pheromone
In order to test whether repeated exposures to pheromone could lead to colony habituation, i.e. a gradual decline in colony response with successive applications, we assessed the effect on colonies of receiving repeated brief exposure to recruitment pheromone over an extended period (to do this, we re-analysed the data collected in Sect. 2.4). Only two of the three colonies were exposed to a sufficient number of trials that appropriate long-term datasets could be obtained (colony d: 32 exposures -16 trials with two exposures each -over 32 days; colony e: 14 exposures -7 trials with two exposures each -over 19 days; colony f was not included as only 6 exposures -3 trials-were performed). All analyses were performed using Statistica 7.1 (StatSoft, www.statsoft.com).
RESULTS
Bee traffic during continuous exposure to pheromone
The artificial recruitment pheromone produced a significant increase in bee traffic from the nest to the foraging arena in eight trials out of 13 (t-tests not reported, see methods, P-values for the 8 significant t-tests ranged from 0.0003 to 0.0063). This effect lasted for 67.5±7.4 minutes (mean ± s.e.), and the traffic was 2.7 ± 0.3 times higher during the first half hour following pheromone application than during the half hour control (Fig. 1 ). There was a delay of approximately five minutes following pheromone application before an increase in traffic was observed, and the increase lasted for at least 40 minutes, and up to 105 minutes. In trials where a significant effect was detected, the magnitude of the pheromone effect ranged from an increase of 1.5 to 3.6 times control traffic levels, and the effect magnitude decreased with an increase in the percentage of full honeypots (Pearson correlation: r 2 = 0.55, t 7 = 2.69, P = 0.036; linear regression: magnitude = -0.038 × percentage full pots + 3.58). There were no correlations between the duration of the pheromone effect and either the percentage of full honeypots (r 2 = 0.01, t 7 = 0.25, P = 0.81) or the magnitude of the effect (r 2 = 0.28, t 7 = 1.55, P = 0.17). Thus the duration of the pheromone effect on traffic appears to be independent of both the amount of stored nectar and how strongly non-foraging workers respond to pheromone application. In the five trials in which the pheromone did not produce any significant increase in bee traffic the average number of nest-leaving events during the 30 minute control period was significantly higher (mean ± s.e. = 173 ± 29) than for the 8 trials in which pheromone application did elicit a significant increase in bee traffic (86 ± 16; t-test: t 11 = 2.87, P = 0.015).
Bee traffic during brief exposures to pheromone
The artificial recruitment pheromone produced an increase in traffic in 28 trials. After removal of the vial from the nest, traffic began to decrease until it returned to control levels after about 25 minutes (Fig. 2) . In trials where the first exposure had been effective, the second (20 min) exposure to pheromone also triggered an increase in traffic, but this was consistently lower in magnitude than the response to the first exposure (mean (± s.e.) increase in traffic: 1.94 ± 0.15 (first exposure) versus 1.16 ± 0.11 (second exposure), pairwise t-test: t 26 = 4.04, P < 0.001; Fig. 3 ). The magnitude of response to the second pheromone application did not change with the time elapsed since the first application (General Linear Model (GLM) including exposure number and magnitude of the response to the first pheromone application as continuous factors, and gap duration as categorical factor: gap duration effect F 1,21 = 0.17, P = 0.84).
Bee traffic after repeated exposures to pheromone
There was no effect of repeatedly exposing colonies to artificial recruitment pheromone on the magnitude of their response ( Fig. 3 ; GLM including exposure number as continuous factor and phase -first or second exposure -as categorical factor: exposure number effect colony d: F 1,29 = 2.22, P = 0.15; colony e: F 1,11 = 3.27, P = 0.10). This indicates that no significant habituation to artificial recruitment pheromone occurred even over one month of repeated exposures. The slight trend towards a decrease in response (Fig. 3) can be explained by the large increase in basal traffic levels as colonies age and grow over the same period. As a result of colony growth, control traffic increased by 3375% in colony d and 75% in colony e, leaving fewer bees available to be activated by the recruitment pheromone.
DISCUSSION
Continuous exposure of bumblebee colonies to artificial recruitment pheromone resulted in significantly increased bee traffic from the nest to the foraging arena for a maximum period of 105 minutes (mean 67.5 minutes) under laboratory conditions. This suggests that such a simple continuous application system would be inappropriate to produce durable, long-term increases in traffic in colonies used for commercial crop pollination. However, we found that applying the artificial pheromone can elicit increases in traffic of up to 3.6 times control levels, which shows that colony traffic can be given a strong boost for a short period of time using artificial pheromone. This could be useful to induce young or particularly inactive colonies to start foraging, thus compensating for the potentially detrimental effect of overfeeding with artificial nectar. Kwon and Saeed (2003) have shown in greenhouses that the level of bumblebee traffic leaving the nest is correlated with actual levels of foraging activity on the flowers of hot pepper (Capsicum annuum L.), a crop that exhibits a very low nectar production. Moreover, Mena-Granero et al. (2005) have shown in the laboratory that bumblebees leaving the nest as a result of artificial foraging pheromone stimulation indeed forage, i.e. collect nectar from feeders in the foraging arena. This is likely to be true for our study as well. Thus, our study provides a first step in assessing the applicability of the artificial recruitment pheromone to boost greenhouse pollination. Our results suggest that growers could achieve long-term improvement of forager traffic by applying artificial pheromones for short periods at regular intervals, so that several boosts occur each day. Indeed we found that brief (20 min) pheromone applications were sufficient to trigger a maximal increase in traffic. Moreover the effect did not disappear immediately after the removal of the pheromone vial but faded slowly (taking on average 25 minutes to return to control levels). On average, a second pheromone application, performed between 30 and 70 minutes after the first, produced a 15% ± 12% (mean ± s.e.) increase in traffic. Although the boost to traffic provided by this second application is somewhat (around 32%) lower than the first it is still effective. In addition, it is likely that, once foragers have discovered a profitable food source in the greenhouse they will continue to forage long after the effect of the artificial pheromone has Figure 2 . Effect of two brief daily exposures to the artificial recruitment pheromone on bumblebee traffic from the nest to the foraging arena, depending on the gap between exposures (top: 30 min, N = 18; middle: 50 min, N = 5; bottom: 70 min, N = 5) in a second set of three colonies (colonies d-f; the data for the three colonies are pooled). Columns show mean (± 1 s.e.) increase in traffic levels for each five minute interval relative to the activity during the first five minute interval. The black arrows indicate when the pheromone vial was introduced inside the nest and the white arrow indicates when it was taken out of the nest. White columns represent periods with no pheromone whereas grey columns represent periods during which the pheromone vial was suspended above the nest. The introduction of the pheromone vial triggers a large increase in traffic. Its removal leads to a gradual decrease in bee activity level. The magnitude of the response to the second exposure is lower than the first. Effect of repeated exposures to artificial recruitment pheromone over several weeks on bumblebee traffic from the nest to the foraging arena in two colonies (colonies d and e). Each column shows the magnitude of increase in bumblebee traffic leaving the nest during a period of pheromone application compared to control activity period. Light grey (a) and dark grey (b) columns correspond respectively to the first and second exposures to the pheromone in the 'brief exposures' experiment (second exposures generally produced a lower increase in traffic). The magnitude of the response to the pheromone does not decrease significantly with the number of repeated exposures. The potential trend towards a decrease in effectiveness of pheromone application at increasing bee traffic is due to an increase in the basal traffic level as colonies age and grow in size over time (colony d: from 1 bout per five minutes during exposure 1a to 35 bouts during exposure 16b; colony e: from 8 bouts per five minutes during exposure 1a to 24 bouts during exposure 7b). As greater numbers of bees are active during control phases, fewer bees can be recruited following pheromone application. disappeared, which will help maintain a high level of colony foraging activity through regular releases of natural recruitment pheromone into the nest from successful returning foragers. This effect could not be assessed in our experiments since they were unrewarding, i.e. there was no feeder in the arena during tests. Therefore, our experiments suggest that the efficiency of artificial pheromone may be increased if it were delivered in pulses separated by gaps of at least 30 minutes. Automatic dispensers could be developed for such purpose. Importantly, the effect of the pheromone was maintained across repeated applications spanning 19-32 days, which means that this treatment would be robust over the functional lifespan of colonies pollinating greenhouse crops.
Among continuous exposure experiments, only eight trials out of 13 showed a significant change in traffic following pheromone application. During the unsuccessful trials, the lack of response was mainly due to the high levels of basal traffic during control phases. Accordingly, we were unable to produce any increase by application of the artificial pheromone, because all (or almost all) potential foragers were already active. This confirms that using artificial pheromone is particularly useful to trigger bee movement from the nest to the outside when a colony is less active.
The recruitment pheromone is unlikely to be the only factor involved in foraging recruitment in bumblebees. For instance, the excited runs performed in the nest by successful foragers involve bumping into and climbing over other workers (Dornhaus and Chittka, 2001) , and these mechanical stimuli could also contribute to the recruitment of new foragers. In addition, we do not yet know whether pollen and nectar foraging rely on distinct recruitment mechanisms, or whether foragers decide which type of food to collect based solely on individual assessments of pollen and nectar stores (Molet et al., 2008; Kitaoka and Nieh, 2009) . Further research on the mechanisms of recruitment may thus suggest new ways to promote foraging activity and ultimately improve the effectiveness of bumblebees as commercial greenhouse pollinators.
